Introduction
Chronic liver disease (CLD) is a progressive disease consisting of the destruction and regeneration of the liver parenchyma leading to fibrosis and cirrhosis. Liver cirrhosis is the end stage of CLD and a major life-threatening health problem worldwide. One of common complications in patients with CLD and cirrhosis is thrombocytopenia (Afdhal et al. 2008) . Thrombocytopenia occurs in up to 64% of cirrhotic patients (Bashour et al. 2000) . Patients with advanced end-stage liver disease tend to have a higher degree of thrombocytopenia than those patients with compensated cirrhosis (Adinolfi et al. 2001; Giannini et al. 2002) . Patients with thrombocytopenia are sometimes unable to receive antiviral therapy with a sufficiently high dose of interferon (IFN) to treat hepatitis virus infection or are unable to undergo curative surgery for hepatocellular carcinoma (HCC). In addition to thrombocytopenia, patients with CLD and cirrhosis experience serious complications, such as ascites, spontaneous bacterial peritonitis, hepatic encephalopathy, portal hypertension, esophagogastric variceal hemorrhage, and hepatorenal syndrome (D'Amico et al. 2006; Heidelbaugh and Sherbondy 2006) . When medications or procedural treatments fail to control various symptoms related to CLD and cirrhosis, the only effective therapy is liver transplantation (Merion et al. 2005) . However, liver transplantation is associated with serious problems, such as donor shortage, surgical complications, organ rejection, and high cost (Neuberger and James 1999; Taylor et al. 2002; Mueller et al. 2004; Porrett et al. 2009 ). Due to the shortage of donor organs, patients needing liver transplantation often wait for years, and some of them die while waiting for transplantation. Therefore, alternative therapies are necessary to treat patients with CLD and cirrhosis.
Platelets play an important role not only in hemostasis but also in wound healing and tissue regeneration (Anitua et al. 2004; Diegelmann and Evans 2004) . They contain various growth factors, such as platelet-derived growth factor (PDGF), hepatocyte growth factor (HGF), epidermal growth factor (EGF), insulin-like growth factor-1 (IGF-1), and transforming growth factor-beta (TGF-β) (Assoian et al. 1983; Oka and Orth 1983; Nakamura et al. 1986; Miyazono and Takaku 1989) , which are required for tissue regeneration. Platelets induce hepatocyte proliferation by releasing HGF and IGF-1 (Matsuo et al. 2008 ). In addition, liver sinusoidal endothelial cells (LSECs), which constitute the sinusoidal wall, are involved in liver regeneration (Malik et al. 2002) , and platelets stimulate LSECs to promote hepatocyte proliferation (Kawasaki et al. 2010) . Thrombocytosis promotes liver regeneration not only in normal livers but also in fibrotic livers (Murata et al. 2007; Murata et al. 2008b; Myronovych et al. 2008; Watanabe et al. 2009 ). Hepatic stellate cells (HSCs) play a major role in liver fibrosis (Friedman 2008) . Platelets suppress the activation of HSCs by releasing adenosine 5′-triphosphate (Ikeda et al. 2011) , and thrombocytosis reduces liver fibrosis (Murata et al. 2008b; Watanabe et al. 2009 ). Taken together, these findings indicate that platelets promote liver regeneration and reduce liver fibrosis and that platelet increment therapy may be effective for patients with CLD and cirrhosis. There have been no reports on platelet transfusion for patients with CLD and cirrhosis to improve liver function. The purpose of this exploratory clinical trial is to investigate the efficacy, safety, and feasibility of platelet transfusion in patients with CLD and cirrhosis.
Materials and Methods

Patients
This exploratory clinical trial was approved by the institutional review board of Tsukuba University Hospital and was performed in accordance with the Declaration of Helsinki. This trial was registered in the UMIN Clinical Trials Registry system (http://www.umin.ac.jp/. NO. UMIN000001164).
The proposal was designed to include 10 patients with CLD and cirrhosis. Inclusion criteria were as follows: patients aged over 20 years; Child-Pugh class A or B; a platelet count between 50,000 and 100,000 /μl in the previous year; no malignancy, including viable HCC; performance status 0 or 1; no serious cardiovascular or cerebrovascular disease; life expectancy of at least 12 months; and ability to provide informed consent. Exclusion criteria were as follows: current viable HCC; pregnancy, lactation, or the desire to get pregnant in women; history of shock on platelet transfusion; bone marrow transplantation recipient (except auto-transplantation); immunosuppressive patients; IgA deficiency or other plasma protein deficiency; and inability to provide informed consent. All patients signed the written informed consent.
Pre-treatment Assessment
Prospective patients visited the Department of Surgery at Tsukuba University Hospital. Physical examinations were performed, and their intravenous blood was collected to assess liver function, liver fibrosis markers, complete blood count, coagulation profile, urea and electrolyte status, and human immunodeficiency virus serology. The Child-Pugh class and score, i.e., serum albumin, total bilirubin (T-Bil), prothrombin time activity, ascites, and encephalopathy, were used to evaluate the overall condition of the patients. Abdominal ultrasonography with Doppler assessment and computed tomography (CT) scan were performed to assess ascites and disease in the liver and portal system.
Platelet Transfusion
Irradiated leukocyte-reduced platelet concentrate (Japanese Red Cross Society, Tokyo, Japan) was used as platelet transfusion. Ten units of platelet concentrate contained more than 2.0 × 10 11 platelets. Each patient received 10 units of platelet concentrate once a week for 12 weeks via the peripheral vein. To assess whether the patients were refractory to platelet transfusion, we obtained their blood before transfusion and at 1 hour after transfusion each time. The 1-hour corrected count increment was calculated as the difference between the platelet count at 1 hour after transfusion and the platelet count before transfusion, multiplied by the body surface area (m 2 ) and divided by the number of platelets transfused times 10 −11 (Daly et al. 1980 ). Platelet transfusion refractoriness (PTR) was defined as a 1-hour corrected count increment of less than 5,000 /μl on 2 sequential occasions (Daly et al. 1980) . When PTR was diagnosed, anti-human leucocyte antigen (HLA) and anti-human platelet antigen (HPA) antibodies were investigated. If either anti-HLA or anti-HPA antibodies were identified, patients discontinued platelet transfusion.
Follow-up
The protocol for this trial is shown in Fig. 1 . During platelet Patients received 10 units of platelet concentrate once a week for 12 weeks. Liver function was monitored by blood examination before the trial, every week during platelet transfusion, and at 1 week, 1 month, 3 months, and 9 months after the last transfusion. Abdominal ultrasonography and computed tomography scan were examined before the trial and at 1, 3, and 9 months after the last transfusion. transfusion, patients were followed weekly by physical examination, including liver function, liver fibrosis markers, complete blood count, coagulation profile, and urea and electrolyte status. And then, patients were followed at 1 week and 1 month, 3 months, and 9 months after the last transfusion. Specifically, the concentrations of serum albumin, cholinesterase, aspartate aminotransferase (AST), alanine aminotransferase (ALT), T-Bil, and prothrombin time activity were monitored as markers of liver function, and the concentrations of hyaluronic acid, type IV collagen, and procollagen III peptide (P-III-P) were monitored as markers of liver fibrosis. We examined their livers by abdominal ultrasonography and CT scan to evaluate liver tumors and ascites at 1, 3, and 9 months after the last transfusion. As a marker of regeneration, liver volume was assessed by CT volumetry before and after platelet transfusion. Patients did not receive antiviral therapies, such as IFN, nucleotide analogue, or protease inhibitor, starting 4 weeks before the start of the trial through the end of trial. Medication was unchanged before and after platelet transfusion. Patients who changed medications and received procedural treatments were excluded from this analysis. The primary end point of this trial was to assess the efficacy of platelet transfusion on liver function.
Statistical Analysis
The changes in data from the values before platelet transfusion to 1 week and 1 month, 3 months, and 9 months after the last transfusion were analyzed. All data are shown as the means ± standard deviations. Statistical analyses were performed with 1-way repeated measures analysis of variance with Dunnett's test. In all cases, p values < 0.05 were considered significant.
Results
Subjects
Between September 2008 and June 2010, 10 patients with CLD and cirrhosis were recruited into this trial (Table  1) . Seven patients were males, and 3 patients were females. The mean age of this trial population was 67.0 years (range: 58 to 72 years). Eight patients had hepatitis C, 1 had hepatitis B, and 1 suffered from non-alcoholic steatohepatitis (NASH). Six patients were classified as Child-Pugh class A, and the remaining 4 patients were Child-Pugh class B. Although 6 patients had received IFN therapy, none had achieved sustained virological response. Two patients had a history of HCC. They were treated with radiofrequency ablation (RFA), and none had a viable HCC at the start of this trial.
Follow-up and Adverse Events
Patient 1 chose to discontinue platelet transfusion because of pruritus after the first transfusion. Patient 4 developed mild facial pruritus during the second transfusion. The patient was given injections of hydrocortisone prior to platelet transfusion to prevent side effects, and he continued platelet transfusion without pruritus. Patient 5 developed mild hives during the first transfusion. The patient continued platelet transfusion without hives by receiving injections of hydrocortisone and anti-histamine agent before platelet transfusion. Patient 6 discontinued platelet transfusion after the third transfusion because she was diagnosed as PTR and was positive for anti-HPA antibody. Patient 8 was refractory to platelet transfusion at the first transfusion. She discontinued platelet transfusion after the second transfusion because she was positive for anti-HLA antibody. Although patient 9 received platelet transfusion 12 times, he was excluded from the analysis because he received a balloon-occluded retrograde transvenous obliteration (B-RTO) for the treatment of a large splenorenal shunt at 4 months after the last transfusion. Thus, a total of 6 patients were followed up until the end of this trial (Fig. 2) . No patients exhibited signs of deteriorated liver function, such as Child-Pugh score, serum AST, ALT, T-Bil, and prothrombin time activity (data not shown). Abdominal ultrasonography and CT scan revealed no new liver tumors and no appearance of ascites in any patients after platelet transfusion.
Changes in Data after Platelet Transfusion
Changes in the mean platelet count of the analyzed patients (n = 6) are shown in Fig. 3 . The platelet count increased by 20,000-30,000 /μl at 1 hour after each platelet transfusion and decreased to almost the baseline level a week later. The platelet counts at 1 week, 1 month, 3 months, and 9 months after the last transfusion were 88,000 ± 30,000 /μl ( p = 0.89), 86,700 ± 38,600 /μl ( p = 0.96), 92,800 ± 42,100 /μl ( p = 0.46), and 85,000 ± 48,800 /μl ( p = 1.00), respectively, none of which was significantly different from the value before platelet transfusion (82,800 ± 33,600 /μl). The values of serum albumin at 1 month and 3 months after the last transfusion were 3.82 ± 0.33 g/dl ( p < 0.05) and 3.80 ± 0.25 g/dl ( p < 0.05), respectively, which were significantly higher than the value before platelet transfusion (3.43 ± 0.40 g/dl) (Fig. 4A) . The values of serum albumin at 1 week and 9 months after the last transfusion were 3.73 ± 0.38 g/dl ( p = 0.10) and 3.68 ± 0.33 g/dl Ten patients were recruited into this trial. One patient chose to discontinue platelet transfusion due to pruritus, and 2 patients discontinued due to platelet transfusion refractoriness. Seven patients received 12 platelet transfusions each. One patient was excluded from the analysis because he received a procedural treatment after 12 platelet transfusions. Thus, 6 patients were followed up until the end of this trial. Fig. 3 . Changes in platelet count. The mean platelet count of the analyzed patients (n = 6) is presented. The platelet count increased by 20,000-30,000 /μl at 1 hour after each platelet transfusion and then declined to almost the baseline level a week later. The platelet count did not increase significantly after the last transfusion, compared with the count before platelet transfusion. The data are expressed as the means ± standard deviations.
( p = 0.22), respectively, which showed a trend toward improvement but were not significantly different from the baseline. The values of serum cholinesterase at 1 week, 3 months, and 9 months after the last transfusion were 172.7 ± 36.4 IU/l ( p < 0.01), 165.7 ± 35.6 IU/l ( p < 0.05), and 165.5 ± 37.2 IU/l ( p < 0.05), respectively, which were significantly higher than the value before platelet transfusion (143.7 ± 50.8 IU/l) (Fig. 4B) . The value of serum cholines- terase at 1 month after the last transfusion was 162.0 ± 40.4 IU/l ( p = 0.11), which showed a trend toward improvement but was not significantly different from the baseline. The values of serum hyaluronic acid at 1 week, 1 month, 3 months, and 9 months after the last transfusion were 383.0 ± 215.5 ng/ml ( p = 1.00), 311.8 ± 144.7 ng/ml ( p = 0.73), 263.0 ± 109.4 ng/ml ( p = 0.36), and 304.0 ± 198.7 ng/ml ( p= 0.67), respectively, which were slight but not significant improvements compared to the value before platelet transfusion (396.8 ± 257.6 ng/ml) (Fig. 4C) . Neither serum type IV collagen nor P-III-P was significantly improved (data not shown). In the CT volumetry analysis, the liver volumes after platelet transfusion did not increase significantly compared with the volumes before platelet transfusion (data not shown).
Discussion
Platelet transfusion is an established therapy for thrombocytopenia, with well-known benefits and complications (Stroncek and Rebulla 2007) . Platelets promote hepatocyte proliferation and have an anti-fibrotic effect in vitro (Matsuo et al. 2008; Kawasaki et al. 2010; Ikeda et al. 2011) , and thrombocytosis promotes liver regeneration and reduces liver fibrosis in vivo (Murata et al. 2007; Murata et al. 2008b; Myronovych et al. 2008; Watanabe et al. 2009 ). We hypothesized that platelet increment therapy would improve liver function in humans. In this exploratory clinical trial, we observed that platelet transfusion improved some of the indicators of liver function in patients with CLD and cirrhosis, but some adverse events were associated with platelet transfusion, such as pruritus, hives, and PTR.
Serum albumin and cholinesterase improved significantly after platelet transfusion. Serum hyaluronic acid showed a trend toward improvement. When the liver is injured, platelets accumulate in the injured liver and actively translocate into Disse spaces Nakamura 1992, 1993; Nakamura et al. 1998; Murata et al. 2007; Myronovych et al. 2008) . The direct contact between platelets and hepatocytes or LSECs is necessary for hepatocyte proliferation (Matsuo et al. 2008; Kawasaki et al. 2010) , and the direct contact between platelets and HSCs is essential for an anti-fibrotic effect (Ikeda et al. 2011) . Taken together, the previous and current data suggest that transfused platelets delivered to the portal vein accumulate in the damaged liver due to CLD; directly contact hepatocytes, LSECs, and HSCs; and finally improve liver function and reduce liver fibrosis.
After an initial improvement up to 3 months, serum albumin at 9 months after the last transfusion gradually decreased to near the pre-platelet transfusion value. One potential reason why the beneficial effect did not persist in the long term is that the transfused platelets disappeared within 1 week; thus, the platelet count returned to the baseline value. If the patients with thrombocytopenia could maintain thrombocytosis for a long period, liver function would improve for an extended period. Splenectomy and partial splenic embolization induce thrombocytosis and improve liver function for more than 6 months in patients with CLD and cirrhosis (Murata et al. 1996; Murata et al. 2008a) . However, patients with CLD and cirrhosis often have splenomegaly and thrombocytopenia and are at high risk for bleeding and complications in operations (Patel et al. 2003; Ohta et al. 2005) . Additionally, partial splenic embolization has various complications, such as ascites, splenic or portal vein thrombosis, splenic abscess, and splenic necrosis. In addition to splenectomy and partial splenic embolization, administration of thrombopoietin is another method for inducing thrombocytosis. Orally active thrombopoietin receptor agonist increases platelet count in patients with thrombocytopenia due to hepatitis C virusrelated CLD and cirrhosis (McHutchison et al. 2007 ). Thrombocytosis by administering thrombopoietin improves liver regeneration and reduces liver fibrosis in vivo (Murata et al. 2007; Murata et al. 2008b; Myronovych et al. 2008; Watanabe et al. 2009 ). Therefore, thrombocytosis by administration of thrombopoietin could help sustain the improvement of liver function in patients with CLD and cirrhosis.
When we began this trial, there were no data regarding the concentration of platelets that could improve liver function in patients with CLD and cirrhosis. We already found that human platelet transfusion to mice promoted liver regeneration after hepatectomy (Takahashi et al. 2012) . In this study, the number of transfused human platelets was between 10 and 20% of the total number of platelets in mice. Thrombocytosis by splenectomy improved liver function in patients with CLD and cirrhosis after 3 months (Murata et al. 2008a ). These findings helped us determine the concentration and duration of platelet transfusion in this trial. In patient 6, who discontinued platelet transfusion because of PTR after the third transfusion, serum cholinesterase at 1 month after the last transfusion increased compared with the value before platelet transfusion (data not shown). Using a smaller amount of platelets could improve liver function. However, in patient 9, who received 12 platelet transfusions, serum albumin and cholinesterase did not increase (date not shown). One reason why the liver function of this patient did not improve might be that the transfused platelets would not pass through the portal vein because he had a major splenorenal shunt. For those patients who have major shunts and hepatofugal collaterals, such as esophagogastric varices and splenorenal shunts, platelet transfusion might be less effective.
We evaluated liver fibrosis in patients by means of blood markers. Liver fibrosis should be assessed from not only a hematological perspective but also based on histopathological and morphological findings. Although liver biopsy is a standard histopathological method for evaluating liver fibrosis, this invasive procedure has a great risk of bleeding in patients with thrombocytopenia (Seeff et al. 2010) . For this reason, we did not perform liver biopsy in this trial. Transient elastography is a non-invasive method for evaluating hepatic fibrosis by measuring liver stiffness, and it can be easily performed in the outpatient clinic with immediate results and good reproducibility (Castera et al. 2008) . Liver fibrosis is thus better assessed by transient elastography.
We did not observe any fatal adverse events, such as thrombosis, anaphylactic shock or transfusion-related acute lung injury (TRALI), in this trial. However, 2 of 10 patients exhibited PTR by repeated platelet transfusion; both of these patients were females with histories of pregnancy. PTR occurred at approximately the same rate as in previous reports, from 13% to 34% (Klingemann et al. 1987; Legler et al. 1997 ; The Trial to Reduce Alloimmunization to Platelets Study Group. 1997) . A patient with a history of pregnancy has a greater risk of PTR (The Trial to Reduce Alloimmunization to Platelets Study Group. 1997) and should be closely monitored when they repeatedly receive platelet transfusions. In addition, we observed non-hemolytic transfusion reactions (NHTRs), such as pruritus and hives. NHTRs are a relatively common complication of allogeneic transfusion, and the incidence of NHTRs in platelet concentrate is greater than in red blood cells or fresh frozen plasma (Kurata et al. 2007) . In this trial, NHTRs occurred in 4.3% of platelet transfusions, similar to the 4.2% reported in a study in Japan (Kurata et al. 2007 ). Repeated platelet transfusions in patients with CLD and cirrhosis should not increase the incidence of NHTRs.
Conclusion
Platelet transfusion improved some of the indicators of liver function in patients with CLD and cirrhosis, and platelet increment therapy could be a novel strategy for the treatment of CLD and cirrhosis. Adverse events related to platelet transfusion were observed at approximately the same rate as in previous reports.
